ABSTRACT Two-pion correlations are studied for pions of like charge in K + p and + p collisions at 250 GeV/c. An enhanced production is observed at small momentum di erence and is attributed to Bose-Einstein interference between identical particles. A systematic study is presented on the in uence of parametrization and reference sample. Interpreted in terms of the Kopylov-Podgoretskii parametrization a size of the emitting region r K 1:4 fm is found. The Lorentz invariant parametrization of Goldhaber gives r G 0:8 fm. With xed parametrization, similarity is found for hadron-hadron, e + e ? and lepton-hadron collisions. No multiplicity or angular dependence is found at our energy.
I. INTRODUCTION
As proposed by Hanbury Brown and Twiss 1] in 1954, the diameter of stars and radio sources in the universe is successfully determined by measuring the intensity correlations between separated telescopes. Likewise, in particle physics, one can in principle use Bose-Einstein correlations between identical bosons to measure the space-time structure of the region from which the particles originate 2, 3] .
The rst experimental evidence for Bose-Einstein correlation in particle physics goes back to 1959 32] . The radius of the particle emission source is determined to be of order 1 fm for particle collisions and up to several fm for nuclear collisions. In one nucleus-nucleus experiment 25] and in ISR experiments 20, 21] the radius is found to increase with charge multiplicity. This increase is understood in the impact parameter model 33] . In general, the shape of the source is consistent with being spherical, but a possible elongation in the beam direction has been reported for the overall cms (see last refs. 21]). In most experiments, the e ect has been studied for pions, but also kaons have been used 12, 21] .
Recently, Bose-Einstein correlations have also been introduced into string models 34, 35] . In these models, an ordering in space-time exists for the hadron momenta within a jet. Therefore, bosons close in phase space are nearby in space-time and hence lead to a relatively small longitudinal dimension of the local pion emission region. These models can account well for most features of the e + e ? data 30, 31] .
Here, we report on a study of the Bose-Einstein interference e ect for pions produced in + p and K + p collisions at 250 GeV/c. In the following section the relevant parametrizations of the interference e ect are recalled. The data sample and the reconstruction procedure are described in sect.III. Results are presented in sect.IV and compared to those from other experiments in sect.V. Conclusions are summarized in sect.VI. 
II. THE PARAMETRIZATION
The normalized coincidence rate for simultaneous observation of two identical pions emitted incoherently from two sources positioned at r 1 and r 2 with momenta p 1 and p 2 is R = 1 + cos( q: r) (1) with q = k 1 ? k 2 and r = r 1 ? r 2 . Normalization is relative to the rate which would be observed without Bose-Einstein interference. In practice, the emitting pion sources will be distributed according to a certain density distribution, and the characteristic dimension r of this distribution will depend on the particular parametrization. We shall limit ourselves to the discussion of two parametrizations, one most commonly used in hadron-hadron, the other in e + e ? and lepton-hadron experiments:
J 1 being the rst-order Bessel function, q 0 = jE 1 ?E 2 j and q T the length of the component of the threevector q transverse to p 1 + p 2 . This parametrization corresponds to a radiating spherical surface of radius r K with incoherent point-like oscillators of lifetime . The parametrization is not Lorentz-invariant. In general, the variables are calculated in the centre of mass of the initial collision. 2. The Lorentz invariant (Goldhaber) form 4, 28] R(Q 2 ) = 1 + exp(?r 2 G Q 2 ) with (3) Q 2 = ?(p 1 ? p 2 ) 2 = M 2 ? 4M 2 : where M is the invariant mass of the pion pair. It corresponds to a Gaussian shape of the source in the centre of mass of the pair, where q 0 E = 0.
Due to the di erent assumptions on the shape of the source, the spatial dimensions r K and r G used in the two parametrizations have a di erent meaning and are related via the exponential approximation of (2):
In formulae (1) -(3) it is assumed that identical bosons are produced incoherently. For this case a maximum value of R = 2 is expected for p 1 = p 2 , compared to R = 1 in the absence of interference e ects.
In most experiments, the maximum e ect seen is smaller and one has to introduce a strength parameter . Since a coherent source gives no enhancement, the strength of the e ect is often interpreted as a measure of the incoherence of the pion emitters 37]. On the other hand, there are also sources of biases in general leading to a decrease of the e ect, physics induced (resonance production, local charge conservation, Coulomb repulsion) and detector induced (misidenti cation of the particles, wrong charge assignment, track losses).
Furthermore, a large fraction of the observed pions are decay products of long-lived resonances, such as ! and , resulting in a large e ective radius of the pion sources 38]. For pairs including such a decay pion, the interference e ects are relevant only in a very small Q (or q T ; q 0 ) range. However, the nite momentum resolution will smear out those pairs into Q ranges with much larger population and the e ect becomes undetectable.
The physics induced biases can be reduced partly by the carefull antiselection of resonances and partly by Monte Carlo studies. The detector induced biases can be minimized by the careful selection of events and tracks and a proper choice of the reference sample.
Ideally, the reference sample is identical to that of the like pion pairs in all aspects, except for the interference e ect itself. A number of suggestions have been proposed in the literature. In this paper we consider two approaches:
i) the reference sample is formed by a so-called "mixed event" technique, i.e. a pion from one event is combined with a pion randomly selected from a di erent event of the same multiplicity class (e.g. n=6-8, n=10, n=12, n 14);
ii) the reference sample is formed from pairs of unlike charge pions in the same physical event and resonances like 0 are excluded. After carefull event and track selections, we nd that the application of these two approaches leads to results consistent within statistical errors. A comparison of the two approaches to each other and to a third one are discussed in the appendix.
Accounting for the strength parameter and for a slow variation of R with q at large q, one ts the experimental distribution at xed q 0 with the function
in the Kopylov-Podgoretskii parametrization, and
in the Goldhaber parametrization. The t parameters are the normalization , the correlation strength , the spatial dimension of the pion source (r = 0:197 p fm) and the slow variation of the background.
III. DATA SAMPLE AND RECONSTRUCTION PROCEDURE
The data used in the present analysis come from the NA22 experiment performed at the CERN SPS with the help of the European Hybrid Spectrometer EHS.
The detector consists of an active vertex detector (Rapid Cycling Bubble Chamber) embedded in a 2T magnetic eld and a downstream spectrometer. The spectrometer is built of a wire chamber, six drift chambers and an additional 1T magnet. Charged particle momenta are measured over the full solid angle with a resolution of p=p 2% for all momenta. A more detailed description of the detector can be found in reference 39] and references given therein.
Events are accepted when scanned and reconstructed multiplicities n are consistent and charge balance is satis ed. Badly reconstructed tracks are rejected. Only events with n 6 are accepted, the minimum required to yield a negative pair. The nal data sample, accepted for the present analysis amounts to 25592 + p and 29307 K + p events.
For the analysis presented in this paper two additional track cuts are applied: 1. the track momentum error is required to be below 4%; 2. each accepted track is required to have jx F j < 0:5.
The latter selection minimises biases due to the violation of energy and momentum conservation, imminent to the "mixed event" technique. For positive tracks it, furthermore, reduces the contamination from particles other than pions. These two cuts reject additionally 15% and 2% of tracks, respectively, but improve the credibility of the nal results. The resolution in Q 2 is estimated to be =12 (MeV/c) 2 at low Q 2 .
The analysis of the Bose-Einstein correlations is performed on two samples: 1. All charged particles, except identi ed protons are assumed to have pion mass. 2. Only tracks identi ed as pions in the ionization sampling drift chamber ISIS are used in the analysis.
(Due to the limited acceptance of ISIS, the number of pairs is reduced to 15% in this case).
In the rst case both reference samples are used, in the second only the "mixed event" technique is applied (the unlike charge technique is unreliable in this case since ISIS acceptances depend on the particle charge). In all cases, our + p and K + p samples are merged since no di erences are observed between the two samples.
IV. RESULTS

IV:1 Pairs of Negative Particles
In Figs. 1 and 2 we show our data for negative particle pairs compared to ts of the Goldhaber (5) and the Kopylov-Podgoretskii parametrization (4), respectively. For the latter, the energy di erence has been limited to q 0 0:2 GeV. Fits are shown with mixed event and unlike reference samples. In the unlike reference sample the range 0:36 < Q 2 < 0:60 (GeV/c) 2 is contaminated by the 0 decay products and excluded from the t (Fig. 1b) . In Fig. 2b the rst point q T 0:025 GeV/c is biased by Dalitz pairs in the reference distribution and excluded from the data.
In all four plots, signi cant enhancements are seen for small values of Q 2 and q T , respectively. For both parametrizations a small rise of the ratio R with Q 2 and q T is observed. Fit parameters are given in Tables   1 and 2 , for the latter case also with = 0. No sizable di erences are observed for the two reference samples.
The strength of the correlation varies between 0.3 and 0.45, hardly showing any dependence on the particular parametrization chosen. As expected, however, the spatial dimension of the particle source di ers signi cantly in the two parametrizations. It is of order r G 0:8 fm for the Goldhaber and r K 1:4 fm for the Kopylov-Podgoretskii parametrizatio n.
IV:2 Identified Pions
Since Bose-Einstein interference applies to identical bosons, the e ect will be stronger if identi ed pions are selected. In the following, results are presented for the pion sample identi ed with ISIS. As stated above the reference distribution is constructed with the mixed event technique.
To be able to see the e ect of particle identi cation, we rst consider the interference signal in the reduced sample without making use of the identi cation. The ratio R is shown as a function of Q 2 in Fig.   3a ) and b) for all positive and all negative particle pairs, respectively. The results of the ts to these data with parametrization (5) are given in the rst two lines of Table 3 . Although the restriction to a smaller part of phase space may bias the e ective shape of the particle source, the results for negatives are compatible with the values obtained for all pairs of unidenti ed particles given in Table 1 . Positives give the same size of the source, but the parameter is a factor 2 smaller for positives than for negatives. Next, the identi cation is 'switched on'. The ratios obtained are shown in Fig. 3c ) and d) for pairs of positive and pairs of negative pions, respectively. Results of the ts are given in lines 3 and 4 of Table 3 . As expected, the strength of the e ect has increased, especially for positive particles where it has increased by almost a factor two. It is interesting to observe that also the quality of the ts has improved.
The availability of identi cation furthermore allows to check whether the interference e ect is indeed absent for non-identical particles if these are treated as pions. Fig. 3e ) and f) show the ratios for combinations of a pion with a kaon or (anti) proton, i.e. not a pion (note, however, that for the Lorentz boost and the calculation of Q 2 
IV:3 Charge Multiplicity Dependence
Following the indications observed in other studies of Bose-Einstein correlations concerning a possible dependence on the charge multiplicity 20,21], we have analysed also this aspect of the e ect. The multiplicity dependence can, in principle, reveal an impact parameter dependence of the correlation e ect 33].
In Fig. 4 the ratios R based on the "mixed event" technique are shown for 4 multiplicity classes of events. In Table 4 and Fig. 5 the results of the ts with parametrization (5) are given. No multiplicity dependence is observed at our energy. Similar results are obtained with the unlike reference sample and with parametrization (4).
IV:4 Angular Dependence
Because of relation (1), the Bose-Einstein e ect can (in principle) be used to measure the extent of the source in the direction given by the momentum di erence q. Indeed, a possible dependence of r K on the angle between q and the collision axis has recently been reported by the AFS Collaboration, if evaluated in the overall cms (last refs. 21). Fits to our data in three regions of cos in terms of parametrization (5) are given in Fig.6 . The results are given in Table 5 .
We conclude that no angular dependence of the Bose-Einstein correlations is observed at our energy.
V. COMPARISON TO OTHER ENERGIES AND OTHER TYPES OF COLLISION
In comparing the results obtained by di erent experiments, one should keep in mind that, in general, experimental conditions are di erent, di erent techniques are used in constructing the reference distributions and sometimes ad-hoc corrections are applied to make up for experimental shortcomings.
In hadron-hadron experiments, the enhancement is usually parametrized in terms of the Kopylov- Furthermore, similar values (0.5-0.8 fm) are reported for lepton-hadron collisions 32]. We can conclude that the parameter r depends on the parametrization, but, within the systematical uncertainties, neither on the total energy, nor on the type of collision.
The strength of the e ect is found to be 0:4. Our value is comparabl e to the ones obtained by other hadron-hadron experiments when using reference distributions based on the mixed event or unlike reference techniques. Those values are in the range = 0:3?0:5. Signi cantly higher values are quoted when using a reference distribution based on the shu ing of transverse momenta. As shown in the addendum, this may be an artefact of this third technique. The strength found for e + e ? annihilation is in the range = 0:4 ? 0:7. Several authors 6,29-31] have pointed out that it is premature to associate a value smaller than the theoretical maximum of = 1 with the existence of coherent states.
In one nucleus-nucleus experiment at 1.8 GeV/A 25], the radius r K was found to increase with charge multiplicity n. By relating r K to the size of the overlapping region of the two colliding particles, this increase can be understood in terms of the geometrical model 33]: a large overlap should imply a large multiplicity. On the other hand, no evidence for a multiplicity dependence is found in hadron-nucleus collisions at 200 GeV/c 19].
After some time of confusion, the n dependence is now becoming clear for hadron-hadron collisions.
At energies below p s 30GeV (at p s 8GeV 13] and 22 GeV in this experiment), no n-dependence is observed for r K . At higher energies, (last ref. 20] and 21]) an n-dependence starts to set in and to grow with increasing energy.
As expected from the geometrical model, the results from e + e ? experiments are (at least up to now) consistent with no multiplicity dependence.
We have found no signi cant evidence for a dependence of the emitting region on the angle between the collision axis and the event frame momentum di erence of the pair. A similar conclusion has been reached for e + e ? 31], lepton-hadron 32] and nucleus-nucleus collisions 26, 27] . A possible elongation along the collision axis has been reported by the AFS collaboration 21] when evaluated in the overall cms. This elongation disappears in the two pion rest system, however.
VI. SUMMARY AND CONCLUSIONS
The study of the Bose-Einstein correlations in + p and K + p interactions at 250 GeV/c with the help of the EHS spectrometer in the NA22 experiment reveals statistically signi cant correlation e ects. These e ects are observed as an enhancement of the number of the like charge pion pairs over that from uncorrelated samples, for small four-momentum di erence of the pair. These e ects are very similar for + p and K + p data and therefore have been studied in the merged data.
Two choices of the reference sample of particles pairs were considered: the unlike charge particle pairs from the same physical event and combinations of the particles randomly chosen from di erent events of similar multiplicity. The results obtained are the same within statistical errors and yield a radius r K =1.4 fm if the parametriation (4) is used and r G =0.8 fm if (5) is used. For positive particles, the e ect is strongly enhanced when the analysis is restricted to pairs of identi ed pions.
No multiplicity and no angular dependence of the correlation e ects are observed at our energy.
APPENDIX A: REFERENCE DISTRIBUTIONS
In this appendix we comment on the reference samples used to normalize the interference e ect. One way to investigate the e ectiveness of the procedure to construct a reference distribution, is to apply this procedure to a sample of generated events not containing Bose-Einstein interference. Monte Carlo programs based on the Lund fragmentation scheme are well suited for this purpose, since this scheme includes a simulation of resonances and energy-momentum conservation e ects, but does not include interference e ects.
We have generated a sample of + p and K + p events, 150000 events each, according to the two-string Dual Parton Model with Lund fragmentation 40]. The same cut on multiplicity (n 6) and tracks (jx F j < 0:5) is imposed on the generated events as on the data. All particles except slow protons are treated as pions.
The ratio predicted for negative particles is shown in Fig. 7 as a function of Q 2 . Normalization is done to the a) mixed event and b) unlike reference sample. These ratios should be compared with the data in Fig. 1 . No strong signal at low Q 2 is seen in the Monte Carlo events. The interpretation of the low Q 2 enhancement in the data in terms of Bose-Einstein interference is, therefore, supported.
However, some structure is seen in the ratio obtained from the Monte Carlo events and deserves comments. In case of normalisation with the mixed event reference sample, a small positive correlation at low Q 2 is observed. This can be attributed to resonance decays, dominantly 0 ! + ? followed by ! + ? 0 , producing two ? from a small Q-value decay. A small negative correlation is seen for the unlike reference at low Q 2 . This is caused dominantely by , 0 and ! decays in the reference distribution. In addition, a re ection of the 0 is clearly seen at Q 2 0:5 (GeV/c) 2 .
We have made no attempt to correct the data with the Monte Carlo ratios, since it is not known to what extent resonance production is correctly described by the Monte Carlo and it is not evident that the interference e ect factorises with the other correlations. Furthermore, it is known that 0 production is strongly overestimated in Lund fragmentation 41].
The ratios obtained for the negative particles as a function of q T (in the interval q 0 0:2 GeV) are shown in Fig. 8 . These are to be compared with the data shown in Fig. 2 . Also here, the two reference distributions are reasonably suited for the extraction of the interference e ect.
Finally we want to comment on a third procedure to construct a reference distribution. Here, the momentum components transverse to the event axis are 'reshu ed'. One can then form the reference distribution by combining reshu ed unlike sign particles, or reshu ed like sign particles. In particular, this technique has been used in some experiments to obtain the ratio as a function of q T 6,19,30] . Figure 9 shows the ratio obtained from the Monte Carlo events for the negative particles as a function of q T (in the interval q 0 0:2 GeV). The exact procedure to obtain the reference distribution is the following.
First, the two components of the transverse momentum are randomly and separately interchanged between the particles, irrespective of their charge. Combinations are formed between the unlike particles. Then the transformation to the overall centre of mass is done. From Fig. 9 , it can be seen that this reference distribution causes an arti cal enhancement at low q T and, therefore, an unnaturally large . If one does reshu ing of the transverse components after the transformation to the overall centre of mass, which might be more natural intuitively, the enhancement becomes even stronger. This suggests that, at least for our energy, the shu ing technique is not well suited to construct a reference distribution. It is, therefore, not used in our analysis. Table 5 : Fit results for eq. (5) of the ratio R as a function of Q 2 , for selections on jcos j (see text).
Data on negative particle pairs, normalized by the mixed event reference sample, shown in Fig. 6 . unlike reference sample. The curves correspond to the best t with parametrization (5). Normalization by the a) mixed event and b) unlike reference sample. Normalization by the shu ed reference sample. Pairs are in the interval q 0 0:2 GeV.
